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The Space Research Coordination Center, established in May, 1963, has the
following functions: (1) it administers predoctoral and postdoctoral fellowships in
space~related science and engineering programs; (2)it makes available, on application
and after review, allocations to assist new faculty members in the Division of the
Natural Sciences or the School of Engineering to initiate research programs or to per-
mit established faculty members to do preliminary work on research ideas of a novel
character; (3) in the Division of the Natural Sciences it makes an annual allocation of
funds to the interdisciplinary Laboratory for Atmospheric and Space Sciences; (4) in
the School of Engineering it makes a similar allocation of funds to the Department of
Metallurgical and Materials Engineering; and(5) in concert with the University's Know-
ledge Availability Systems Center, it seeks to assist in the orderly transfer of new
space~generated knowledge in industrial application. The Center also issues periodic
reports of space-oriented research and a comprehensive anmal report.

The Center is supported by an Institutional Grant (NsG-416) from the National
Aeronautics and Space Administration, strongly supplemented by grants from The
A. W. Mellon Educational and Charitable Trust, the Maurice Falk Medical Fund, the
Richard King Mellon Foundation and the Sarah Mellon Scaife Foundation. Much of
the work described in SRCC reports is financed by other grants, made to individual
faculty members.
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Experimental determinations recently have been made1 of the cap-
ture of electrons by protons into the 2s state from one-and-two electron
systems for incident proton energies ranging from 40 - 200 keV. This note
is intended to demonstrate that these measured values cen be predicted as
well by the classical binary encounter theory as by any existing quantum
mechanical approximations.

We have calculated the cross sections for the reactions

H" + B » H(2s) + ®Y (1)

+

HY + B > H(2s) + H,

) (2)

H' + He » H(2s) + He (3)

using the expression from the Gryzinski model2 for classical binary en-
counter theory:

AE
u

&EL

vhere GAE(vl,vz) is the cross section for energy exchange between an in-

OAE(vl’VQ)dAE .

S gy

cident charged particle with velocity';l and a bound atomic electron with
velaocity 5;, averaged over all orientations of';z. The exact expression

for an has been given by Gerjuoy,3 and is easily integrated. For the

#
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integration limits we use the simple expressions given by Gryzinski2

2
AEL = 1/2 m Vv, + UA - UB
AE = 1/2 m v2 + U, + U
u el A B

where UA is the binding energy of the electron in the target atom and UB

is the binding energy of the electron after capture. The resultant ex-
pression is to be multiplied by the number of equivalent electrons. It
should also be averaged over the speed distribution of the target electron;

we have used & deltea function distribution only: f(IV;I) proportional to

2U
6(v2 - —;& ). The primary assumptions of our model are then: (a) the

interactioﬁ between the electron and the incident proton is the primary
one in determining this cross section; (b) the incident proton's trajectory
is essentially unaffected by the process; and (c) the magnitude of the
energy transfer is the primary criterion for deciding whether or not cap-
ture occurs.

Of these assumptions, (c) is the weakest, since not all electrons
.whose energies after collision are in the correct energy range for capture
will be captured; capture is not equelly probable for all directions and:
magnitude of the electron momentum relative to the proton. Taking the
electron momentum into account has been attempted.h The major effect is
& more rapid decrease of the cross section at high energies, which in the
present model is proportional to —%-. For the relatively low energies of
these measurements, however the wgaker assumption mey suffice. Assumption
(c) is not entirely independent of assumption (a), since classically the

target atom-electron interaction provides the mechanism for binding the

electron to the incident ion. In general, however, it appears to us that



violation of essumption (&) would have important effects mainly at lower
energies, presumably lower than those herein discussed.

Figure 1 shows the experimental results for reactions (1) and (2)
given by Ryding, et.al. together with some theoretical curves (Figure 2 of
Reference 1). No absolute determinations of the cross sections were made.
The observed ratios for the two processes were converted to cross sections

by normalizing to the theoretical Born approximation value5

for reaction (1)
at 100 keV, (including the proton-proton interaction matrix element). In
other words, the circle at 100 keV was postulated to lie precisely on the
dashed theoretical curve of Mapletcm.5 There appears to bz no compelling
evidence for this choice of normelization. In particular, we noticed in the s
process of comparing our celculations to experiment, that the energy dependence
for reaction (2) was reasonably well given by our model. In Figure 2(a,b) we
present the same data normalized to our theoretical value for reaction (2)

at 50 keV (though most points would do, since the experimental values all lie
near the theoretical values). Curves B and D in Figure 1, like the solid
lines in Figure 2 involve no adjustable parameters.

Figure 2(c) shows the experimental cross sections for reaction (3),
which were obtained by Ryding, et.al.1 by normalizing their data for this
reaction to the Born approximatiﬁn6 for reaction (3) at 160 keV. Also shown
are some theoretical values.

Even without any change of normalization, the classical predictions
agree with experiment remarkably well, appearing at least as consistent with
the data as quantum approximations in the energy range of the measurements.
The more rapid decrease with energy at larger energies is in part due to
failure of assumption (c) as discussed above.

There can be no doubt that the process occurring is one in which

the quantum theory is needed for a proper description. It mey be, however,



that the quantum mechanical approximations extent in effect are "semi-
classical", and that in fact the process is sufficiently structureless in
this energy range to require little more than computing the phase space
available. Evaluation of the available phase space appears to be done
adequately by the classical theory, even under the restrictive assumptions
used. In other words, it is possible that with proper account of the Coulomb
nature of the problem, the kinematics dominate the behavior of the cross sec-
tion. The dynamics, or actual structure of the transition amplitude specific
to this problem, would then not be important at these energies. Evidence
supporting these statements is available in terms of the success of the
classical model in predicting excitation and ionization cross sections.2’8’9

The above discussion hinges in part on the fact that the measure-
ments were relative measurements. It appears to us that sbsolute measure-
ments of these cross sections to resolve the question of normalization sre
necessary and desirable.

We wish to acknowledge the assistance of Jean Welker in obtaining

the calculated values for the Gryzinski model.
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Figure 1, Charge capture by protons into a 2s state. o, experimental
p + H; o, experimental p + Hoj A=°=, Brinkman-Kramers theory
for p + H (Ref, 5); Beees, present results for p + H?; CH++,
McElroy 2-state approximation for p + H (Pef, T); Do,
present results for p + Hj E=-~ Born approximation for p + H
(Pef, 5)., See text for normalization of experimental values,
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Figure 20
HY¥+H —=H(2s)+H*
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Figure 2. Charge capture by protons into a 2s state, (a) p + H; o,
experiment (see text for normalization); curves A, C, D, E
as in Figure 1: (b) p + Ho; @, experiment (see text for
normalization); curve B, present results: (¢) p + He; o,
experiment (see text for normaelization); F—, present results;
Gw==, Born spproximation (Ref. T).



